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ABSTRACT

The advantages and limitations encountered in adapting supercon-
ducting electrical machinery to replace the mechanical power transmission
systern in aircraft are presented. Major components and system arrangements
are evaluated and compared relative to weight, volume, efficiency, reliability,
readiness, and cost. The superconducting systems when used in high total
power applications are competitive on the basis of weight and efficiency, occupy
a greater volume, but are more reliable when compared with the equivalent
mechanical system.
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PREFACE
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Scetion 1

SUMMARY

The purpose of this investigation was to determine the advantages
and limitations to be expected in adapting superconducting electrical machinery
to replace the mechanical power transmission system in aircraft.

The major components of the superconducting system--motors, gen-
crators, refrigerators. transmission lincs, and speed reducers--were analyzed
in detail. The most promising design for each component was used to develop
several system arrangements which were evaluated in detail and optimized where
possible. The two most attractive system arrangements were compared with an
ecquivalent mechanical system on the hasis of relative weight, volume, efficiency,
reliability, readiness. and cost.

The most significant results of the design evaluations and compari-
sons arce: (1) superconducting systems are most attractive for high total power
applications. (2) superconducting systems in the high power applications are
competitive with the mechanical system on the hasis of weight, (3) the super-
conducting systems occupy a greater volume than the equivalent mechanical sys-
tem. (4) the efficiencies of the mechanical and the electrical systems arc com-
parable, and (5) the electrical systems, having a fewer number of parts, are
more reliable and somewhat safer than the mechanical system.

The major state-of-the-art advances required and the major limita-
tions on the adaptahility of the superconducting system are: (1) the AC losses
in the supcerconductor indicate a need for further study of new superconducting
materials and a better understanding of the loss mechanisms, and (2) the low
cfficicney and high weight of the refrigerator indicate the need for further study
of refrigeration cycles and equipment design.



Section 2

INTRODUCTION

Rapid progr:ss in cryogenic technology in association with the space
program has made available materials, processes, and techniques which, when
applied to superconducting clectrical machinery, could result in major reduc-
tions in the size and weight of such units. This low weight and an acceptable cf-
ficiency make superconducting machinery potentially attractive for airborne
applications. In particular, onc can envision supcrconducting clectrical machinery
providing a lightweight power transmission system for helicopters or for tilt-
wing-type V/STOL aircraft.

A recently completed study sponsored by the Acronautical Propul-
sion Laboratory of the United States Air Force covered the application of super-
conductor techniques for electrical generators for space application.  The Air
Force is extending the generator studies to include investigation of alternating
currents. These studics cover generators only; motors arc not included, The
studies so far have indicated that there are no characteristics of the system that
would limit the application to space environment.

Studies conducted by the industry have indicated that the increcased
current densities possible with superconducting materials permit sharply reduced
generator weights. Actually, insofar as weight is concerned, attention is focused
on the refrigeration system needed to produce the cryogenic environment required
for the supe.-conducting phenomenon, rather than on the generator itself. While
such refrigerators are thermodynamically very inefficient, careful attention to
the minimization of heat generation sources and heat transfer into the gencrator
yields acceptable refrigeration loads. This permits the design of complete gen-
erator packages, including refrigerator, weighing about 0.3 pound per kilowatt
(for 1000 kilowatt output). The overall efficiency of the generator, including
refrigerator power requirements, is approximately 98 percent.

The subject of this report is directed to the design of a power trans-
mission system based upon superconducting motors and generators which will
be competitive with advanced mechanical systems. In addition, those arcas in
which the present state of the art in superconducting machinery fails to mecet the
operational performance of the mechanical transmission system will he defined,
and those technical developments which are necessary to overcome these defi-
ciencies will be specified.

Section 3 outlines the present state of the art of superconductivity and
cryogenic refrigeration, with emphasis on problem arcas and possible arcas of
advancement.

In Section 4 a review of the basic motor types applicable to the subject
transmission system is given. Also, a summary of information on cryogenic
machines has been included to round out the perspective of the review. Appendix
IV gives more detailed information on the field of cryogenic electrical machinery.
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In Section 5 the design concepts of the various components are dis-
cussed, as well as the problems inherent in the designs, and a preliminary eval-
uation of the individual components is made. The results of parametric studies
are included which will be used in Sections 6 and 7 for evaluation of various elec-
trical system designs and for comparison with an equivalent mechanical system.

In Section 6, various component arrangements are investigated and
compared on a weight basis using the information described in Section 5. Out of
the five arrangements studied, two were selected for cormparison with an equiv-
alent mechanical system in Section 7. While most of the comparison study of
Section 7 is based upon the present state of the art, the effect that adviances in
the art will have on the comparison is discussed.



Section 3

STATE OF THE ART

3.1 Supereconductivity

Superconductivity is a zero-electrical-resistance state exhibited by
some materials at temperatures near absolute zero. The technological impli-
cations of zero-resistance materials promise high magnetic fields requiring
little or no power for their generation, transmission of power with no losses,
highly efficient electrical machinery, and even electromagnetic propulsion and
shielding from harmful cosmic radiation for space vehicles. Much emphasis
has been placed on the study of new materials which are likely candidates of
being superconductors and the improvement of currently known superconducting
materials with respect to their properties and fabrication on a commercially
cconomical hasis.

The zero-resistance realm of superconductors was found to be de-
pendent upon three variables--magnetic field, current, and temperature. For
each of the superconductive materials thus far discovered, there is a critical
magnetic field strength which identifies the maximum magnetic field in which
the superconductor can operate and still reimain superconductive. Critical ficeld
strengths of presently investigated materials are thought to run as high as
600,000 gauss.

The critical current is the maximum current that a superconductor
will carry. Critical currents arec very sensitive to metallurgical variables, and
manufacturing conditions are usually sc¢L to maximize these currents. This re-
quires the testing of a large number of samples to determine optimum conditions.

The critical temperature is the precise temperature at which a ma-
terial becomes superconductive. The resistance of the material does not simply
decrease as a function of temperature; it vanishes completely at and below this
temperature and becomes a perfect conductor.

These three variables of magnetic field (He), current (J¢), and tem-
perature (T¢) are also functions of each other, as shown in a three-dimensional
plot of Figure 1. Superconductivity will not exist outside the bounded volume.

Superconductivity was discovered in 1911, but was of no practical
importance for years because most metals hecame normal again in magnetic
fields of only a few hundred gauss. Only in the last few years have a number of
alloys and intermetallic compounds such as niobium-zirconium and niobium-tin,
which retain their superconducting properties in fields from 50 to 200 kilogauss,
been investigated. These materials (known as hard or type II superconductors)
differ from the pure metals (known as soft or type I superconductors) in several
respects. In particular, they do not exhibit flux exclusion (Meissner Effect),
but allow magnetic flux to penetrate into the hulk of the material. Recently, con-
siderable progress has been made in understanding the hehavior of these type II
superconductors. Several characteristics, such as the variation of critical

4



[Figure 1.
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Interdependence of Critical Magnetic Field,
Current,and Temperature of a Typical
Superconductor (Tvpe II)
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magnetic field with temperature, can be calculated from the theory developed

by Ginzburg. Landau, Abrikosov. and Gorkov (2). However. several aspects

of their hehavior cannot be calculated from theory. such as their current carrying
capacity. although there is considerable experimental data on the effects of metal-
lurgical processing. In these arcas it is still necessary to rely on phenomenologi-
cal models to explain the properties of superconductors.

There are several considerations which will govern the sclection of
a material for generator and motor windings:

(1) The critical field of the superconductor must not limit
the design. The critical fields of several type II super-
conductors are shown in Figure 2 as a function of tem-
perature.

(2) The critical temperature should be as high as possible
in order to minimize refrigeration system weight. The
critical temperatures of the most common high field
superconductors are shown in Table I. Since the re-
frigerator weight increases rapidly as the operating tem-
perature decreases, there is a considerable advantage
in using an intermetallic compound such as Nbh3Sn rather
than the ductile alloys Nb-Zr or Nbh-Ti.

(3) The material should be flexible enough to wind the gen-
erator or motor. This requirement is not casily fulfilled
by the intermetallic compounds, which are very brittle.
The problem was originally solved by forming the compound
by the reaction of its constituent metals after mechanical
shaping, but since this requires firing temperatures of about
1000° C, it is not a very convenient method. An alternative
solution, however, is to use thin films of the compound
which arc sufficiently flexible if they are not more than a
few ten-thousandths inch thick. Such films have to be formed
on a substrate to give them mechanical strength, and may be
formed by diffusion or vapor deposition processes. The
ductile alloys can be used to wind the generator and motors
without the brittleness of the intermetallic compounds.
However, the ductile alloys do not have as high a critical
temperature as the intermetallic compounds.

(4) The current carrying capacity must be high. The average
current densities of three types of NbgSn are shown in
Figure 3 as a function of the magnetic field.

(5) The AC losses in the superconductor to be applied to the
armature must be low. An important point to bear in mind
is that superconductor wires to date have been cptimized
with respect to DC applications. Type II superconductors

6
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Table I

Critical Temperatures of Some Superconducting Alloys and Compounds

Superconducting Alloy Critical

or Compound Temperature Availability

Nb3Sn 18.0°K Commercially available
V38i 16. 8 Laboratory specimen
V3Ga 14.6 Laboratory specimen
NbN* 14.7 Laboratory specimen
MON* 12,0 Laboratory specimen
NbC* 11.1 Laboratory specimen
Nb - 25% Zr 10.9 Commercially available
Nb - 40% Ti 9.8 Commercially available

* Note: The mecasurements of critical temperature of the nitrides
and carbides of transition metals are not reliable, since
they depend critically on specimen preparation,




Average Current Densitv* | l()5 amp/cm2]

A - Kunzler Wire 0.011" Dia.
(G. E. Research Report #62- RL- 3153M)

B - Niostan Ribbon
(Data published by National Research
Corporation, Cambridge, Massachusetts)

C - Vapor Deposited Ribbon
(RCA Paper at 1962 AIME Conference)

* Current divided by total cross section
of wire, including substrate
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Figure 3. Average Current Density in NbgSn
Wires at 4.2°K



exhibit a hysteresis-type behavior when subjected toavarying
magnetic ficld or when carrying an alternating current, This
irreversible phenomenon gives rise to a heat dissipation from
the superconductor--a departure from zero resistance. The
hysteresis energy lost per cycle is equal to the area enclosed
by the hysteresis loop. This loss has been calculated by 11.
London ? and also by Hart and Schmitt (4), Since this loss
is a function of the superconductor thickness, thin films have
considerable advantage in reducing this loss. For alternating
field applications such as the armature of the motor or gen-
erator, it is very likely that new arrangements of existing
materials or even new materials will emerge to reduce this
loss to a negligible level.

The extent to which superconductors will be used in motors and gen-
erators depends largely on developments in the following arecas:

(1) Lower AC losses

(2) Higher critical temperatures

(3) Higher current densitics

(4) Better handling characteristics of the material
(5) New concepts of superconductivity

Present levels of critical magnetic fields are entirely sufficient for
motor or generator applications.

AC losses are very important in superconductor gencrators or motors
since they are by far the largest source of heat generation in the cryogenic region.
Lower losses would lower the requirements of the refrigerator load considerably.
Much effort has been focused on identifying the mechanism of AC losses (Refs.

3 through 10). Since this loss is a function of the superconductor thickness,
commercial manufacturcrs have concentrated their efforts in making thin layers
of Nb3Sn by depositing thin films on a supporting substrate in tie form of a
ribbon or a wire. In some cases, many finc strands of superconductor are
twisted together to form a cable. Much more work is required to produce still
thinner films and finer strands. Much of the thin film technology is presently
being developed by the superconducting digital computer memory manufacturers.

A continuing searc? for new superconducting materials has been con-
ducted since 1954 by Matthias 11) " "Roherts (12)has tabulated known supercon-
ductors. These studies are aimed at discovering materials with higher critical
temperatures as well as other propertics (current, ficld, losses, ete.) to im-
prove device performance. The advantages from refrigeration alone, of a ma-
terial having a critical temperature ahove 30° K, are sufficiently great to warrant
a considerable effort to raise the level of critical temperature. The present
ceiling is 18°K for Nh3Sn. Many commercial superconducting wire manufacturers
are developing proprietary wire configurations and processes which afford greater
performance stability and thermal characteristics.
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The possibility of superconductivity existing at room temperature
would open up vast vistas of applications, since the refrigeration required for
operation at low temperatures has been the major obstacle. Altnough it has
not yet been achieved, tneoretical studies (13) suggest that it is possible to
synthesize materials that, like certain metals at low temperatures, conduct
electricity without resivtance. Little 14) states that certain organic molecules
should be able to exist in the superconducting state at temperatures as high as
room temperature (about 300° K) and perhaps even higner! This possibility may
appear to be a long time away; however, Soviet physicist and theoretician
Abrikosov has indicated that the future of superconductors lies in thin films
and has hinted that the Russians are trying to develop a room-temperature
superconductor made of thin film (15),

3.2 Cryogenic Refrigeration

3.2.1 Introduction

The weight, reliability, and performance of a superconducting
transmission system will be greatly dependent upon the refrigeration unit.
For a typical system, the refrigeration unit may be as much as 50 percent
to 70 percent of the total transmission system weight. Consequently, it is
essential that the present state of the refrigeration art and possible future
developments be investigated in some detail to estimate the influence of the
refrigerator on the total system.

Cryogenic refrigerators and gas liquifiers are not new--some
were made before the turn of the century. There are many large gas liqui-
fiers in operation in this country today and many more under construction.
Arthur D. Little, Inc., has sold more than two hundred of their laboratory
helium refrigerators and liquifiers in the past 18 or 20 years. Because of
this backlog of experience, some facets of the performance of cryogenic re-
frigerators are well defined; for example, the coefficient of performance.

However, aerospace requirements have accelerated progress
and shifted emphasis in some areas. New and improved operating cycles
are being used. When these are fully developed, further increases in co-
efficient of performance may be realized, particularly for refrigerators
operating below 30° K. Another area receiving extensive attention is weight
reduction. Most cryogenic refrigerators made to date are either large fixed
installations or laboratory machines. These are heavy because there has been
little incentive to reduce weight. However, the increasing number of airborne
and aerospace applications for cryogenic refrigerators has led to the design of
lightweight machines. Unfortunately, these refrigerators are yet to be built
and tested in a sufficient range of capacities and cold-end temperatures to per-
mit accurate evaluation of weight from experience. Therefore it is necessary
to rely on design study weights for the next generation of refrigerators.

3.2.2 Specifications

In the application of superconducting electrical machinery for
power transmission in aricraft it is, in general, required that the refrigeration

11



maintain a cold-end temperature of approximately 10° K under relatively high
heat loads. For reasons of economy it is also desirable that a large portion
of the heat losses into the system be removed at a higher temperature, say,
80° K. All heat rejection from the system is assumed to occur by forced con-
vection in a refrigerant-to-atmosphere heat exchanger. Ambient temperaturc
is assumed to be 300° K.

3.3.3 Thermodynamic Cycles

Due to the high heat loads, gas-expansion closed-cycle refrigera-
tion systems look most promising for this application. Other methods or re-
frigeration, such as thermoelectric cooling and adiabatic demagnetization, are
inherently less efficient and would imposec too large a weight and performance
penalty on the overall system. See Reference 16 for a description and evalua-
tion of these and other refrigeration techniques.

The only gas which can be used as a refrigerant below 12°K is
helium, Since it will not be necessary to cool the helium below its satura-
tion temperature, two-phase flow and its associated problems will not be en-
countered.

There are several types of low-temperature helium refrigerators
in use at the presant time. Most of these are based on one of four thermodynamic
cycles. These are the Joule-Thomson Expansion Cycle, Claude or Expansion
Engine Cycle, Stirling Cycle, and Gifford-McMahon Cycle. These cycles have
been discussed extensively in the cryogenic refrigeration literature (Refs. 16
through 33).

Although it is theoretically possible to use each of the above cycles
for this application, it is our opinion that the only practical choice is the Ex-
pansion Engine Cycle. This opinion is based on the following limitations of the
other cycles:

Joule-Thomson Expansion Cycle

This cycle is normally utilized when it is necessary to liquify the
working fluid. When it is unnecessary to liquify the gas, as in this case, the
low efficiency of this cycle compared to the Expansion Engine Cycle results
in an unacceptable power penalty.

Stirling Cycle

This cycle requires the use of reciprocating components which
present extreme lubrication and wear problems. A satisfactory solution to
this problem does not appear very promising for the near future. In addition,
the Stirling Cycle requires the use of a regenerator. A low temperature limit
which would appear to be above 12° K is imposed by the regenerator. Therefore,
a secondary loop would be required both to achieve the desired temperature and

12



to provide a cooling medium, since the nature of the Stirling Engine does not
allow the working fluid to be used as a cooling medium. This would unncessar-
ily complicate the system and decrease reliability.

Gifford-McMahon Cycle

This cycle, which also requires the use of a regenerator, is in-
herently less efficient than either the Stirling Cycle or the Expansion Engine
Cycle. In addition, it also would require the use of reciprocating components,
as does the Stirling Cycle. This leads to the same limitations mentioned for
the Stirling Cycle.

Expansion Engine Cycle

An ideal Expansion Engine Cycle is reversible and consists of adia-
batic expansion and compression processes connected by constant pressure pro-
cesses. Heat is transferred from the high-pressure gas entering the expansion
engine to the low-pressure gas leaving the ¢xpansion engine in a countercurrent
heat exchanger. Refrigeration is produced by the expansion of the gas, with the
resulting work being merely a by-product. Heat is rejected from the cycle at the
high temperature by the compressor coolers. In the practical Expansion Engine
Cycle, losses are incurred which result in lower efficiency than in the ideal cycle.
These losses arise from irreversibilities of the practical cycle, fluid friction,
mechanical friction, gas leakage, and heat leakage.

A temperature-entropy diagram of the Expansion Engine Cycle is
shown in Figure 4. The cycle contains two expansion engines and supplied re-
frigeration at two temperature levels. The use of two expansion engines pro-
viding refrigeration at two temperature levels, rather than one expansion engine
supplying all the refrigeration at the lower temperature, significantly reduces
both the weight and the power requirements for this application. The addition
of a third expansion engine would reduce the weight and power requirements still
further; however, the effect of adding a third expander is considerably less than
that of adding 2 second expander. For this application, the improved performance
that would result from the addition of a third expander appears to be insufficient to
warrant the added complexity and reduced reliability incurred.

Analysis and optimization of the cycle must take into account the
various types of compressors, expansion engines, and heat exchangers that can
be used. Performance, weight, and reliability must all be considered in selecting
various types of components.

A weight penalty due to the power consumption of the refrigeration
system must also be taken into account in optimizing the cycle. This weight
penalty is in the form of additional primary power system weight required to pro-
vide the power to operate the refrigerator.

3.3.4 Compressors and Compressor Power

For the heat loads of this particular application, the possible range
of flow conditions is such that three types of compressors can be considered.

13



These are low-speed reciprocating compressors, high-speed multi-staged re-
generative compressors, and high-speed multi-staged centrifugal compressors.

The efficiency of a reciprocating compressor would be quite high.
However, the low speed of the reciprocating compressor results in a heavy com-
pressor drive. Lubrication also presents a problem with reciprocating compres-
sors. If oil lubrication is used, then oil removal equipment must be added to the
system to prevent contamination of the helium. The oil removal system can add
considerable weight to the system. Non-lubricated compressors can be used. The
life of a nonlubricated compressor, while significantly less than that of a lubricated
compressor, might be adequate for this application.

High-speed multi-staged regenerative compressors utilizing gas bear-
ings offer high reliability and long lifc. Because of the high speed required for
operation of this type of compressor, hoth the compressor and the drive weight
are considerably lower than those of a corresponding reciprocating compressor,
The performance of the regenerative compressor, however, is only half as good
as that obtainable from the other two types. This results in high power require-
ments and correspondingly high power weight penalties.,

High-speed multi-staged centrifugal compressors utilizing gas bearings
offer high reliability, long life, high performance, and low compressor and com-
pressor drive weight. The major difficulty with the centrifugal compressor for
this application is the high speed required and the large number of stages. How-
ever, taking all factors into consideration, the centrifugal compressor appears to
be the best choice.

Compressor performance and size are determined by specific speed
considerations based on the relationships presented in Refererces 34 and 35. The
maximum speed is limited to 100,000 rpm, which is within the present state of
the art for gas-bearing-supported compressors. The maximum tip speed of the
compressor rotor was limited to 1500 feet per scecond by stress considerations,

The high speed of the compressor lends itself well to direct coupling
to a small auxiliary-power gas turbine engine, thus climinating problems of gear
drives.

3.3.5 Expansion Engines

Both reciprocating and high-speed turbo-expansion engines have been
used in cryogenic refrigerators. Reciprocating expansion engines offer high ef-
ficiency but present reliability and lubrication problems. High-speed turbo-
expanders offer greater reliability and longer life when gas hearings are utilized.
For the flow conditions of this applications, turbo-cxpanders, while not as efficient
as reciprocating expanders, offer satisfactory efficiency. High-speed turbo-
expanders appear more suitable for this application for their higher reliability
and longer life.

Performance and size of turbo-expanders are given in data nresented
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in References 36, 37, and 38. These references present data for helium turbo-

expanders operating at speeds as high as 500,000 rpm. The turbo-cxpanders
are of a radial in-flow type,

3.3.6 Heat Exchangers

Helium-to-helium and hclium-to-air heat exchangers are required
for intra-cycle and for heat rejection heat transfer, respectively, Compact
heat exchangers of the plate fin type (sce Refs. 21 and 39) offer ruggedness
and low weight with high heat transfer rates and low pressure drops. The
counterflow configuration is the most effective for the helium-to-helium heat
exchangers., For the heat rejection heat exchanger, use of the cross-flow

configuration minimizcs the header problems and gives the hest overall results.

An auxiliary fan is required to guarantee sufficient cooling air flow under all
conditions.,

S5 31 Performance and Weight

A gas expansion refrigerator is simply a heat engine  in which
mechanical work is used to compress a gas; the heat of compression is then
rejected, and refrigeration is produced by expansion of the gas. The cocef-
ficicnt of performance (COP) of a refrigerator is defined as the ratio of re-
frigeration produced (qo) to the net work input (WR). The maximum theoret-
ical coefficient of performance of an ideal reversible refrigerator taking in
heat at a low temperature (T¢) and rejecting heat at a higher temperature
(TH) can be determined for a Carnot cycle. The cocfficient of performance
for a Carnot cycle is given by

cop - q /\N S
o R 'l” = TC

This relationship represents the maximum attainable performance of a re-
frigerator and can he used as a reference of comparison for the less ef-
ficient practical refrigerators. The rapid decrease in attainable refrigera-
tion performance at lower temperatures is apparent from this relationship.,

In a practical cycle the actual performance will be significantly
less than that of the ideal Carnot cycle. Reference 18 indicates that the
performance of a refrigerator operating at the temperature of 12° K will be
only 2 percent to 10 percent of Carnot performance.

Figures 5 and 6 show the reciprocal of the cocfficient of per-
formance and the specific weight, respectively, of cryogenic refrigerators
as a function of cold-cnd temperature and refrigeration capacity., As might
he expected, 1/COP and specific weight both increase as the cold-end tem-
perature decreases. Decreasing capacity has the same ceffect due to manu-
facturing tolerances and limitations as components hecome very small,
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